In order to investigate the seismic safety capacity of the piping system with local wall thinning, shake table tests on 3-D piping system models were conducted using E-Defense. Two piping system models which were the same in appearance and different in degradation condition were arranged on the shake table of E-Defense. One of the models was put into degradation condition of about 50% wall thinning at four elbows and one tee. Modified seismic motions were applied to these models at the same time. As a result, the piping system model with wall thinning did not fail for the primary stress limit level of sound piping system model, though a ratchet deformation was observed on the thinned wall tee. The model with wall thinning finally failed at the thinned wall tee by over five times larger excitation than the limit level. From the experiment, it was found that the life of the piping system with wall thinning would be reduced compared with that of the piping system without wall thinning, but it was also found that the degraded piping system still had a certain seismic margin until the piping system failed by the seismic load.
INTRODUCTION
Pressurized piping systems used for an extended period may develop degradations such as wall thinnings or cracks due to aging. In order to ensure the seismic safety of degraded piping systems under severe seismic events, it is important to clarify the effect of degradation on the dynamic behaviors, the failure modes and the ultimate strength of piping systems, and to estimate the seismic safety capacity of degraded piping systems based on the reliable experiments and numerical analyses. Though there are a lot of excitation tests and numerical analyses on piping system models without degradation or pipe elements with degradation [1] [2] [3] [4] [5] [6] [7] [8] [9] , the studies on degraded piping systems are not numerous, and the data to discuss the safety capacity of degraded piping systems are still insufficient. The authors have conducted a series of experiments and analyses to investigate the ultimate strength and the failure modes of pipe elements and piping systems with or without degradation, and established the analytical model to estimate the fatigue life of piping systems [10] [11] [12] [13] . Through these experiments and analyses, it is understood that the failure mode of the piping systems with wall thinning under seismic loads is mainly the fatigue failure accompanied by the ratchet deformation. It is also understood that the effect of wall thinning on the dynamic behavior and the failure behavior of piping systems is more complicated than that of cracks, and more investigations are necessary for understanding the failure behavior of piping systems with degradation, especially with wall thinning.
In order to obtain the additional experimental data of seismic behavior of piping systems with wall thinning and to estimate the seismic safety margin of the piping systems, triaxial shake table tests on 3-D piping system models were conducted. In this paper, the result of the shake table tests and the failure process of the piping system model are described.
PIPING SYSTEM TEST E-Defense shake table
The tests were carried out by the E-Defense shake table. "E-Defense" is the nickname of the world's largest full-scale three-dimensional earthquake testing facility operated by National Research Institute for Earth Science and Disaster Prevention [14, 15] . The testing facility was constructed to investigate the damage of structures under three dimensional strong earthquake motions after the 1995 Hyogoken-Nambu earthquake (Kobe Earthquake), and started its operation from April 2005. Figure 1 shows the shake table of E-Defense. The table is 20m long and 15m wide, and can reproduce the various 3-D ground motions including the seismic records of the Kobe Earthquake with a 12-MN specimen on it by 10 horizontal and 14 vertical actuators. The specification of the shake table is shown in Table 1 .
Test models
The configuration and nomenclature of the test model is shown in Fig.2 . The model has nine elbows and two tees, and three weights. The support conditions are four rigid anchors at every extremity of the pipe, and a ball bearing support near the Weight1. The following two types of models were used for the shake Fig.2 (a) ). Carbon steel JIS STPT370 (Japanese industrial standards: carbon steel pipes for high temperature service), 150Asch80 was mainly used for the test models. That is, the outer diameter and the wall thickness of the pipe were 165.2mm and 11.0mm, respectively. The mean radius of curvature of the elbow was 228.6mm. Thinned wall elbows were modeled by reducing the internal wall thickness of the 150A STPT370 pipe elbows by mechanical machining. Thinned wall tee was modeled by using a carbon steel FSGP pipe at that part. FSGP pipes are the carbon steel pipes mainly used for gas or water pipelines in Japan, whose inner pressure is comparatively low. The nominal wall thickness of 150A FSGP pipe was 5mm, and the wall thickness of thinned wall elbows were reduced to 5mm. In fact, the wall thicknesses of pipe joints are not constant due to the manufacturing error. From the result of the measurement of wall thickness before the test, the wall thickness of thinned wall tees were distributed from 5mm~7.5mm. The wall thicknesses of thinned wall elbows were resulted in about 5~5.5mm. Considering the actual wall thickness, the wall thinning ratio of the experiments was about 50% in the test model. The configuration of wall thinning is shown in Fig.3 . In the experiments, these two piping system models were set on the shake table of E-Defense side-by-side and the input motion was applied at the same time. Figure 4 shows the setup of the piping system model on the shake table. Figure 5 shows the vibration modes and natural frequencies of the test model AP3_EA01 calculated by a modal analysis. The dominant frequency at the first mode was 3.17Hz. The dominant frequency of AP3_EC01 was 2.54Hz. The vibration modes were not so different from each other.
Input conditions
The tri-axial shake table tests were conducted by EDefense. The modified narrow-band random wave with the phases of an actual seismic motion was mainly used for the excitation. Figure 6 shows the acceleration time histories and the acceleration response spectrum of the input motion. The wave was modified to have a frequency band from 1.5Hz to 5.5Hz, so as to excite from the first mode to the third mode of the piping system model, and to cause a reasonable deformation to the test models even though the dominant frequency of the models changed due to the elastic-plastic deformation or the existence of wall thinning. This input wave is referred as "the seismic wave" in this paper. In all cases, the piping system models were pressurized to 10MPa with room temperature water. The tests were performed starting with the 25% magnification of the acceleration levels shown in Fig.6 , and increasing up to the maximum input available in E-Defense by amplifying the input motion shown in Fig.6 until the failure.
Here, the failure of the model was determined by the leak of pressurized water due to the crack penetration in the piping system model, or by the excessive deformation, which made the piping system unable to support its self-weight. The maximum magnification of the input motion was 450% of the original in tri-axial shaking because of the limitation of the hydraulic oil capacity of the shaking system. When the test model did not fail at the maximum input for tri-axial excitation, the mono-axial excitation was conducted in Y direction by increasing the input acceleration. At that time, the maximum magnification of the input motion came to be 560% of the original because of the limitation of the maximum available acceleration. If the test model did not fail at that level, the excitation tests by a sinusoidal input wave were conducted until failure. For the sinusoidal wave, the number of the constant amplitude cycles is 40, and 10 additional gradually increasing/decreasing cycles at the beginning and the end of the wave.
The primary stress intensities of AP3_EA01 at 1G of the seismic motion were listed in Table 2 . These primary stress intensities were obtained by the response spectrum analysis at 0.5% damping ratio with the magnified three-directional seismic motion which was adjusted the acceleration level in Y direction came to be 1G. As shown in Table 2 , the maximum primary stress intensity is about 12.0S m at Tee2. The primary stress intensity at Tee2 comes to be about 3S m using the seismic wave shown in Fig.6 , and this is the same as the primary stress limitation for the class 1 piping. This input acceleration level is referred to as "the primary stress limit level" in this paper. In the experiments, a few excitation tests at 3S m level with different input motions were also conducted in addition to the excitation tests with the input motion shown in Fig.6 .
Measurement
The following data were recorded with 1000Hz sampling frequency. The total measurement points were up to 380 channels for each test model. In addition to these measurement points, 64 channels data of the shake table itself were acquired. The measurement points in total were 831channels. The measurement method using image processing technique [17] was also used to measure the overall deformation of the test models. The outer diameters of the elbows and tees, and the wall thickness of Elbow3~Elbow6 and Tee2 were also measured.
TEST RESULT

Result of excitation tests
The outline of the excitation test results was summarized in Table 3 . In Table 3 , the input acceleration was the maximum data recorded at the center surface of the shake table.
In order to reproduce the target motion accurately, the input compensation method was used to control the shake table in the experiments by the seismic motion. Figure 7 shows the acceleration time histories and the response spectrum of the target input motion and the actual table motion recorded on the shake table in Y direction. In Fig.7 , the target input motion was 100% of magnification of the original input motion. In the figure, the solid lines are the target motion, and the dotted lines are the actual table motion. As shown in Fig.7 , the acceleration time histories and the response spectrum of the actual table motion agree well with those of the target motion. This tendency was similar in the higher level excitation tests, so it can be said that the excitation tests were conducted with good accuracy. As for the excitation test by the sinusoidal wave, the table control was conducted only by the basic control, and input compensation method was not used. The actual table motion was the composite motion of the target sinusoidal wave and the harmonic components. When the data was filtered by 5Hz low-pass filter, the effective input by the sinusoidal wave with fundamental frequency seemed to be about 1200Gal in the experiment. The dominant frequencies of the test models were summarized in Table 4 . The dominant frequencies of AP3_EC01, the model with wall thinning, were lower than those of AP3_EA01, the model without wall thinning. The dominant frequency at the first mode of AP3_EC01 was reduced by about 15% compared with that of AP3_EA01. There was not so much of a difference of the dominant frequencies at the other modes between AP3_EA01 and AP3_EC01. This is because the positions of the wall thinning were not so affected in the higher mode of the test models.
Failure mode
As shown in Table 3 , both test models did not fail by the excitation corresponding to the primary stress limit level, SE_E004. With increasing the excitation level, the failure occurred on AP3_EC01 at 1700Gal input of the seismic excitation in Y direction (SE_P011Y). Figure 8 shows AP3_EC01 when the crack penetrated during the excitation test and the excitation by the sinusoidal input was applied on the model. As a result, AP3_EA01 failed under the 6th excitation by the sinusoidal input. The experimental test results mean that the seismic margin of AP3_EC01 was about five times larger than the design level when compared with the acceleration level of the primary stress limitation based on AP3_EA01. It is also shown that the seismic margin of AP3_EA01 was more than five times larger than the primary stress limitation.
The measured strains of AP3_EA01 mainly remained within ~1,500micro at SE_E004 excitation test. On the other hand, though AP3_EC01 did not fail at that excitation test, a visible ratchet deformation occurred at Tee2, and the strain at Tee2 showed elastic-plastic behavior. In fact, the elastic-plastic strains at Tee2 of AP3_EC01 were caused in the very early stage of the experiment. Though the internal pressure in the experiment was set to cause the hoop stress within the yield strength at thinned wall pipe joints for AP3_EC01, the plastic strain was caused by internal pressure at Tee2. It is considered that the internal pressure might cause a local structural deformation on Tee2. Figure 9 shows the strain measured at Tee2 and the appearance of Tee2 at SE_E004 excitation.
With increasing the excitation level from SE_E004, strains at some points on the pipe joints showed elastic-plastic behavior for AP3_EA01, but the strain remained within about 1% during the seismic excitation tests. As for AP3_EC01, the strains showed a remarkable elastic-plastic behavior, and the residual strains were accumulated in several strain measure points. The accumulated residual strain at Tee2 of AP3_EC01 became about 20% or more just before the failure occurred. In both test models, the plastic strain was present mainly on the pipe joints, and the strain at the straight pipes remained mainly in elastic region until the test model failed. The failure mode of the both test models was the failure at Tee2 due to the high-intensity cyclic load. Figure 10 shows the outer surface and the penetration test (PT) of Tee2 of AP3_EA01 and Fig.11 shows those of AP3_EC01. Figure 12 shows the transition of the outer diameter of Tee2, and Fig.13 shows the measured wall thickness of Tee2 before and after the experiments. As shown in Figs.10 and 11 , the failure occurred at Tee2 in both models, but the failure aspects were different from each other. Regarding AP3_EA01, fatigue cracks occurred at the body of the pipe joints. The outer diameter increased by 14.5mm (8.7%) compared to the initial situation as shown in Fig.12 . The wall thickness was not so changed through the experiments. For AP3_EC01, cracks shown in Fig.11 were observed. The outer diameter increased by 34.7mm (21%) compared to the initial situation, and the wall thickness decreased to about 2mm because of the remarkable ratchet deformation by the effect of the internal pressure and the high intensity cyclic load as shown in Figs.12 and 13. As shown in Fig.13 , the initial wall thickness in the tee were not constant throughout the tees, and the wall thickness at the points 3 and 7 which were on the tee branch tended to be thinner than the other points. This was because the manufacturing error in producing tee pipes. The wall thickness of Tee2 of AP3_EC01 reduced through the experiments because of the ratchet phenomenon, and the effects of the ratchet phenomenon was remarkable at the branch of tee than the run pipe of the tee.
Though the causes of the failure should be more investigated, it seems that the failure of AP3_EC01 was the burst by the internal pressure at the thinner thickness part. Unstable failure, such as excessive progressive deformation, did not occur.
CONCLUSION
Shake table tests on three-dimensional piping system models with wall thinning were conducted by E-Defense to investigate the seismic safety capacity of the piping system. From the experiment, the seismic margin of the model with wall thinning was about five times the design level compared with the primary stress limitation based on the model without wall thinning. The seismic margin of the model without wall thinning was more than five times larger than the design level. It was found that the life of the piping system with wall thinning would be reduced compared with that of the piping system without wall thinning, but it was also found that the degraded piping system still had a certain seismic margin until the piping system failed because of seismic load. The failure mode of the test models was the crack penetration at a tee, and unstable failure, such as excessive progressive deformation, did not occur. <NOTE> After the authors finished this paper, a massive earthquake hit the north-east region in Japan on March 11th, 2011. The nuclear power plants in Fukushima were damaged severely by the earthquake, though it is thought that nuclear power plants contains a certain seismic margin as described in this paper or shown in some previous studies. The verification studies on the disaster events by this earthquake should be conducted as soon as possible. 
